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Optical scanning device 

The present invention relates to an optical scanning device comprising an optical 
objective lens. One particular illustrative embodiment of the invention relates to an optical 
scanning device that is capable of reading data from three different types of optical record 
carriers, such as compact discs (CDs), conventional digital versatile discs (DVDs) and so- 
5 called next generation DVDs : 

These so-called next generation DVDs have recently been proposed following the 
advent of blue lass: diodes that emit light at a significantly shorter wavelength than the red 
laser diodes used to read or write data from conventional DVDs. As the wavelength of the 
blue laser diode is shorter than that of more commonly used red laser diodes, the blue laser 
10 diode can form a smaller spot on the DVD, and hence the tracks of next generation DVDs 
can be more closely spaced than those of conventional DVDs, which in turn means that these 
next generation DVDs can have a greater data storage capacity than conventional DVDs - 
typically at least a twofold increase in storage capacity can be obtained. 

Conventional DVDs and next generation DVDs will be referred to herein, as is usual 
15 in the art, as Red-DVDs and Blue-DVDs respectively. 

To avoid customers having to purchase a variety of different devices for reading or 
writing data from or to specific types of optical record carrier, it is desirable for a single 
optical scanning device to be capable of reproducing data, for example, from a number of 
optical record carriers of different formats. 

20 However, this laudable aim is not as easy to accomplish as it might otherwise seem - 

principally because these different format record carriers and associated scanning devices 
have varying characteristics. 

For e xamp le, CDs are available, inter alia, as CD-A (CD-audio), CD-ROM (CD-read 
only memory) and CD-R (CD-recordable), and are designed to be scanned with a laser 
25 wavelength of about 780nm and a numerical aperture (NA) of 0.45. Red-DVDs, on the other 
hand, are designed to be scanned at a laser wavelength in the region of 660nm, and Blue- 
DVDs are designed to be scanned at a laser wavelength in the region of 405nm. For reading 
DVDs an NA of 0.6 is generally used, whereas for writing DVDs an NA of 0.65 is generally 
required. 
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A complicating factor is, that discs designed to be read out at a certain wavelength are 
not always readable at another wavelength. An example is the CD-R in which special dyes 
had to be applied in the recording stack in order to obtain a high modulation at 785 nm 
wavelength. At 660 nm wavelength the modulation of the signal from the disc becomes so 
5 small due to the wavelength sensitivity of the dye that readout at this wavelength is not 
feasible. On the other hand when introducing a new system with higher data capacities it is 
important that the new devices for reading and writing are backward compatible with the 
existing record carriers in order to obtain a high acceptance level in the market. Therefore, 
the DVD system must contain a 785 nm laser and a 660 nm laser to be able to read all 
10 existing CD types. A similar reasoning holds when reading DVD dual layer disks designed 
for 66 0 nm with a blue laser. Consequently, a system capable of reading all CD and DVD 
red/blue must contain a 785 nm laser, 660 nm laser and a 405 nm laser. 

DVDs and CDs also differ in the thickness of their transparent substrates, which 
typically act as a protective layer for the data carrying layer of the disk, and as a result the 
15 depth of the data layer from the entrance face of the record carrier varies from record carrier 
type to record carrier type. For example, the data layer depth for DVDs is about 0.6mm, 
whereas the data layer depth for CDs is about 1.2mm. The spherical aberration incurred by 
the radiation beam traversing the protective layer is generally compensated in the objective 
lens of the optical scanning device. 

20 Asa result of these different characteristics for different media, problems can result if 

it is attempted to read data, for example, from an record carrier with an optical scanning 
device that has been optimised for another, different type of record carrier. For example, 
large amounts of spherical aberration and a non-negligible amount of spherochromatism can 
be caused if one type of carrier medium is read with an objective lens that has been optimised 
25 for another. The device could be provided with three objective lenses, one for each 
wavelength. However, this solution would be relatively expensive. 

It would therefore be highly preferable to provide a device which has a single optical 
objective lens for scanning a variety of different optical carrier mediums using different 
wavelengths of laser radiation. 

30 To this end, it has previously been proposed, in WO 99/57720 for example, to provide 

systems that are capable of reading data from Red-DVDs and CDs with laser radiation of 
different wavelengths, whilst using the same objective lens. This document describes a 
system which uses a moulded plastic objective lens having either two refractive aspheric 
surfaces or one aspherical surface and one refractive spherical surface including a diffractive 
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element. The lens is capable of correcting for the different spherical aberration caused by the 
different thickness of the two disc formats as well as for chromatic aberration caused by the 
different reading wavelengths. 

Messrs Katayama, Komatsu and Yamanaka have designed another system which is 
5 described in their Applied Optics article entitled: “Dual-Wavelength optical head with a 
wavelength selective filter for 0.6 and 1.2mm thick substrate optical disks” (see Applied 
Optics, Volume 38, No. 17 dated 10 June 1999, page 3778.). Their system comprises a 
wavelength selective filter which is placed between the laser sources and the objective lens, 
and which varies the phase distribution of light transmitted through the filter as the 
10 wavelength of the light is changed. The filter comprises a concentric phase filter pattern and 
an interference filter pattern which are formed on the inner region and the outer region, 
respectively, of a circle whose diameter is less than the objective lens diameter. The 
interference filter pattern transmits 650nm light and reflects 780nm light. This means that the 
NA for 650nm light is equal to the maximum NA of the objective lens (i.e. about 0.6), 
15 whereas the NA for 780nm light is determined by the diameter of the circle and is about 0.45. 

The phase filter pattern Comprises a silicon dioxide stepped structure where adjacent steps are 
of differing height. The particular heights of the steps are chosen so that the phase 
distribution of transmitted 650nm light is not affected by the filter, and so that the phase 
distribution of transmitted 780nm light is altered to compensate for the spherical aberration 
20 and spherochromatism that would otherwise occur. A similar method was described in a 
document by Messrs Hendriks, de Vries and Urbach published in the proceedings of the 
Optical Design and Fabrication conference held in Tokyo 2000 on page 325-328 entitled 
“Application of non-periodic phase structures in optical systems”. In this paper also a method 
was presented to determine the optimum zone distribution. 

25 Whilst each of these previously proposed systems provide a solution for situations 

where two different optical media are illuminated with two associated different wavelengths 
of light, they do not provide assistance in situations where it is desired to illuminate and scan 
more than two different types of carrier media with associated different wavelengths of light. 

Accordingly, it is an object of the present invention to alleviate these problems by, for 
30 example, providing an optical scanning device for scanning more than two different types of 
optical record carriers using radiation of more than two wavelengths. 
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In accordance with a first aspect of the invention, there is provided an optical 
scanning device for scanning of a first, second and third type of optical record carrier with 
radiation of a first wavelength Ai, a second wavelength A 2 and a third wavelength A3, 
respectively, the three wavelengths being substantially different, the device comprising: a 
5 radiation source for emitting a beam of said radiation, an objective system for converging the 
beam on a selected one of the optical record carriers, and a phase structure arranged in the 
path of the beam, the phase structure comprising a plurality of phase elements of different 
heights, forming a non-periodic stepped profile of optical paths in the beam, characterised in 
that the stepped profile substantially approximates a flat wavefront at the first wavelength Ai, 
10 a spherical aberration wavefront at the second wavelength As, and a fiat or spherical 
aberration wavefront at the third wavelength A3. 

By virtue of this arrangement it is possible to scan optical carriers with a plurality of 
different radiation wavelengths, which in turn means that it is possible to provide a single 
device for scanning a number of different types of optical record carriers. 

15 It is worth noting at this juncture that “flat” as used herein only implies that after 

taking modulo 2 n of die wavefront, the resulting wavefront is constant, hence the non- 
periodic phase structure only introduces a constant phase offset. The term “flat” does not 
necessarily imply that the wavefront exhibits a zero phase change. A second aspect of the 
invention relates to a lens for use in an optical device for scanning a first, second and third 
20 type of optical record carrier with a beam of radiation of a first wavelength Ai, a second 
wavelength Aa and a third wavelength A3, respectively, the three wavelengths being 
substantially different, the lens comprising: 

a phase structure arranged in the path of the beam, the phase structure comprising a 
plurality of phase elements of different heights, forming a non-periodic stepped profile of 
25 optical paths in the beam, 

characterised in that the stepped profile substantially approximates a flat wavefront at 
the first wavelength Aj, a spherical aberration wavefront at the second wavelength A2, and a 
flat or spherical aberration wavefront at the third wavelength A3. 

30 Various preferred embodiments of each of these aspects are set out in respective 
accompanying dependent claims. 

Another aspect of the invention relates to an optical scanning device for scanning 
Red-DVDs, CDs and Blue-DVDs with radiation of a first wavelength Aj, a second 
wavelength A 2 and a third wavelength A 3 respectively, the device comprising: a phase 




WO 02/082437 



PCT/IB02/01063 



5 

structure formed on a face of an objective lens, said phase structure being comprised of a 
plurality of phase elements for introducing phase changes in a beam of said radiation, said 
phase elements being arranged in a stepped profile with step heights across a diameter of the 
lens being substantially as follows: 14.040 pm, 5.850 Jim, -2.340 pm, 5.850 pm and 14.040 
5 jun; wherein Aj is substantially 660nm, A 2 is substantially 785nm and A s is substantially 
405nm. 

Yet another aspect of the invention relates to an objective lens for use in an optical 
10 sc anning device for scanning Red-DVDs, CDs and Blue-DVDs with radiation of a first 
wavelength Aj, a second wavelength A 2 and a third wavelength As respectively, the lens 
comprising: a phase structure formed on a face of the lens, said phase structure being 
comprised of a plurality of phase elements for introducing phase changes in a beam of said 
radiation, said phase elements being arranged in a stepped profile with step heights across a 
15 diameter of the lens being substantially as follows: 14.040 pm, 5.850 pm, -2.340 pm, 5.850 
Jim and 14.040 pm; wherein A j is substantially 660nm, A 2 is substantially 785nm and As is 
substantially 405nm. 

20 Embodiments of the invention will now be described, by way of example only, with 

reference to the accompanying drawings, in which: 

Fig. 1 is a schematic illustration of components of a scanning device for optical 
record carriers according to one embodiment of the present invention; 

Fig. 2 is a schematic illustration of an objective lens for use in the scanning device of 
25 Figure 1; 

Fig. 3 is a schematic front view of the objective lens of Fig. 2; and 
Fig. 4 is a cross-sectional view along the line A — A of Fig. 3. The first step on the left starts 
in the middle of Fig 3. 

30 

The illustrative embodiments of the invention that will now be described refer to a 
phase structure for use in a system for scanning CDs, Red-DVDs and Blue-DVDs. However, 
it should be noted that this description is purely illustrative and that the teachings of the 
invention may be applied in the construction of devices which can scan more than three 




WO 02/082437 



PCT/IB02/01063 



6 

media. As a result, the forthcoming description should not be construed as limiting the scope 
of the invention in any way. 



5 Figure 1 is a schematic illustration of components common to a device in accordance 

with the embodiment, to be described below, for scanning an optical record carrier 1. The 
record carrier 1 is in this embodiment an optical disc as will be described, by way of 
example, below. 

The optical disc 1 comprises a transparent layer 2, on one side of which at least one 
10 information layer 3 is arranged. The side of the information layer facing away from the 
transparent layer is protected from environmental influences by a protection layer 4. The side 
of the transparent layer facing the device is the disc entrance face 5. The transparent layer 2 
acts as a substrate for the optical disc by providing mechanical support for the information 
layer or layers. Alternatively, the transparent layer 2 may have the sole function of protecting 
15 the information layer 3, while the mechanical support is provided by a layer on the other side 
of the information layer, for instance by the protection layer 4 or by a further information 
layer and transparent layer connected to the uppermost information layer. 

Information may be stored in the information layer 3, or information layers, of the 
optical disc in the form of optically detectable marks arranged in substantially parallel, 
20 concentric or spiral tracks, not indicated in Figure 1. The marks may be in any optically 
readable form, e.g. in the form of pits, or areas with a reflection coefficient or a direct of 
magnetisation different from their surroundings, or a combination of these forms. 

The scanning device includes a radiation source 6, comprising a tuneable 
semiconductor laser or three separate semiconductor lasers, emitting radiation of first, second 
25 and third wavelengths in a diverging radiation beam 7 towards a lens system. The lens system 
includes a collimator lens 9 and an objective lens 10 arranged along optical axis 13. The 
collimator lens 9 transforms the diverging beam 7 emitted from the radiation source 6 into a 
substantially collimated beam 15. The objective lens 10 comprises a phase element (or phase 
structure), which is indicated in the drawing by the pattern 11 and which will be described in 
30 more detail below. The objective lens 10 transforms the incident collimated radiation beam 
15 into a converging beam 14, having a selected NA, which comes to a spot 18 on the 
information layer 3. A detection system 16, a second collimator lens 19 and a beam splitter 8 
are provided in order to detect data signals, and focus error signals which are used to 
mechanically adjust the axial position of the objective lens 10. 
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The phase grating 11 as shown in Figure 1 may be arranged on the side of the 
objective lens 10 facing the radiation source (referred to herein as the entry face of the lens), 
or alternatively on the other surface of the lens 10 (referred to herein as the exit face of the 
lens). 

5 Figure 2 is a schematic illustration of the objective lens 10 for use in the scanning 

device described above. The scanning device is capable of scanning optical record carriers 
with a first information layer depth with laser radiation 21 of a first wavelength at a first 
numerical aperture. The device is further capable of scanning record carriers with a second 
information layer depth with laser radiation 23 of second and third wavelengths at a second 
10 numerical aperture using the same optical objective lens 10. Discs of Red-DVD format may 
be scanned with laser radiation of a first wavelength Ai between say 620 and 700nm, 
preferably Ai=660nm. A numerical aperture of about 0.6 is used for reading Red-DVDs and 
an NA above 0.6, preferably 0.65, is applied for writing to Red-DVDs. Record carriers of CD 
format are scanned with laser radiation of a second wavelength A 2 between say 740 and 
15 820nm, preferably A2=785nm with a numerical aperture of below 0.5, preferably 0.45. Discs 

of Blue-DVD format may be scanned with laser radiation of a third wavelength A 3 between 
say 365 and 445nm, preferably A3=405nm. 

The phase structure 11 on the objective lens 10 is arranged to compensate for 
spherical aberration caused by the difference in thickness 31 and 33 of the transparent layers 
20 of a Red-DVD or Blue-DVD and a CD carrier, respectively. The structure similarly corrects 
for spherochromatism and chromatic aberration. Effectively, the phase structure 11 is 
designed to introduce an amount of wavefront deviation in light passing therethrough which 
compensates for the spherical aberration caused by, for example, a change in information 
layer depth. 

25 In this embodiment of the invention, reading and writing data on discs of a different 

format using a single objective element is achieved by using a hybrid lens in an infinite- 
conjugate mode. Such a hybrid lens can be formed by applying a phase profile on one of the 
surfaces of a refractive lens, for example by a lithographic process or by diamond turning. 

The objective lens 10 is shown as a convex-convex lens; however other lens element 
30 types such as plano-convex or convex-concave lenses may also be used. Whilst the objective 
system is in this embodiment a single lens, it may be a compound lens containing two or 
more lens elements. The objective lens 10 may for example include a refractive objective 
lens element and a planar lens phase element. The phase element or phase structure may also 




WO 02/082437 



PCT/IB02/01063 



8 

comprise or be provided on an optical element in the objective system or separate from die 
objective system, for example on a quarter wavelength plate or a beam splitter. 

Figure 3 is a schematic front view of the objective lens 10 illustrating the phase 
structure. It can be seen that a circular structure has been applied with a pattern of coaxial 
5 annular ring-shaped pattern elements with gradually increasing width towards the centre of 
the lens. Each pattern element defines a so-called zone of the phase element. In order to 
enable operation of the lens for multiple wavelengths in an infinite-conjugate manner, the 
lens generates a different amount of spherical aberration (i.e. a different amount of wavefront 
deviation) for each wavelength to correct for aberrations resulting, for example, from 
10 differences in disc thicknesses. 

The generation of different spherical aberrations is achieved by arranging the phase 
structure so that the zones of the structure are of differing heights, the heights being chosen 
so that a phase difference is introduced into the beam passing through the lens - the particular 
phase difference applied to a given wavelength being chosen to counteract the various 
15 detrimental effects of the types described above. 

hi this connection, it is important to note that the phase structure employed in 
embodiments of the invention has a non-periodic pattern, and therefore does not form 
diffraction orders. As a consequence of this, the phase structure to be described does not 
exhibit inherent losses of the type that might be exhibited by a diffraction grating. 

20 The first step in designing a suitable phase structure is to choose one wavelength as a “design 
wavelength” and to optimise the optical system for that wavelength. This means that any 
phase structure applied to the lens 10 should not affect a beam of the design wavelength 
passing therethrough. Hence it should result in a substantially flat wavefront In other words, 
the phase structure should only introduce a phase change that is equal to a constant plus a 
25 multiple of, approximately 2% radians. It should be noted that the term “multiple” as used 
herein should be construed to include any integer, including negative integers, 0 and 1. 

As is well known, the phase change <p introduced into a beam of wavelength Aj as that 
beam passes through a step of height h, may be written as: 

<t>x, (D 

30 where mu is the refractive index of the step for light of wavelength Ai, and no is the refractive 
index of the preceding medium before entering the step (no=l if the preceding medium is air). 
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As mentioned above, for the design wavelength (p should be equal to 2n or to an 
integer multiple thereof (so that the phase structure has no effect on light of the design 
wavelength). 

Putting <p equal to 2n enables Equation (1) to be rearranged for h to give the height hi 
5 of a step which at wavelength A,i gives rise to a phase change of 2n: 

A - 7 — - — \ ( 2 ) 

K ~”o) 

Similar expressions may be derived for h2 (the height of step required to give a 27t phase 
change at X2) and h 3 (the height of step required to give a 2n phase change at X 3 ). 



■li 

II 


(3) 


j 3 ' 

II 


(4) 



Let us now consider what phase change a step of height hi will have on light of wavelength 
X 2 and X3 passing therethrough. From Equation (1) we can write: 

or (5) 



or (6) 

( 7 ) 



15 



=2^-*,)^. 

-«o) 



Substituting for hi from Equation (2) gives: 



A<P^ - A 

2^K -««) K «o) 



20 



-“felt 



If we then substitute in Equation (7) for Xi and X2 (from Equations (2) & (3)), we have: 






or (8) 



25 
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<P h = 27T— (9) 

A similar expression can be derived for <px3: 

<p h = 2 * 3 - ( 10 ) 

5 

It can therefore be seen that a step of height hi, which introduces a phase change of 
2 % for radiation of wavelength X] introduces a phase change of 2n(hi/h2) and 2tt(hi/h3) for 
radiation of the second and third wavelengths, respectively. 

At multiples, m, of the step height hi, it will be apparent from equations (9) and (10) 
10 that the phase difference at the second and third wavelengths will vary as: 27tm(hi/h2) and 
2mn(hi/h3), respectively. 

However, because (ht/h2) and (hi/h 3 ) can be approximated by rational numbers, 
multiples of the step height hi will only give rise to a limited number of substantially 
different phase steps at the other two wavelengths - the number of different phase steps being 
15 equal to the number of times the rational number (hi/hj) or (hi/h 3 ) can be summed until the 
resultant phase change cp is at least approximately an integer multiple of 'lit. 

Let P2 be the number of different steps for X 2 , and p3 be the number of different steps 

forX 3 . 

As p2 and p3 are different, different combinations of phase steps for \z and X 3 can be 
20 selected simply by selecting different integer multiples, m, of step height hi. In other words, 
the teachings of this invention enable a phase structure to be formed which introduces a 
phase difference of 2 n at the design wavelength, and any combination of the aforementioned 
discrete phase differences at other wavelengths. 

If we now consider the specific example of a device for reading data from Red- 
25 DVDs, Blue-DVDs and CDs we can calculate the appropriate step heights for the phase 
structure which will enable data read-out to be achieved from each of the three different 
media using three discrete wavelengths of light and a single objective lens. 

As mentioned above, Red-DVDs are read with light of wavelength 660nm. 
Accordingly, in this example our design wavelength Xt= 660nm, and at this wavelength we 
30 require the phase structure to introduce an integer multiple of 2 ji phase difference in light 
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passing therethrough. The second wavelength, I 2 , is equal to 785nm for reading data from 
CDs, and the third wavelength, X3, is equal to 405nm for reading data from Blue-DVDs. 

In the case where the phase structure 11 is of diacryl, nxi=1.564, nx2=1.559 and nx3=1.594. If 
we assume that no=l, it is possible to calculate using Equations (2), (3) and (4) the step 
5 heights hi, I12 and h 3 to be 1.170pm, 1.404pm and 0.682pm respectively. 

From Equations (9) and (10) it can be calculated that the phase difference introduced 
by a step of height hj in a beam of wavelength X 2 and X 2 is equal to 2 tc( 0.833) radians for X 2> 
and 2 ji( 1.716) radians for X 3 . Since 0.8333~5/6 and 1.716-12/7 we have p2=6 and p 3 =7. 

If we tabulate this data for multiples, m, of the step height hi we can construct a table, thus: 
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Table 1 

Phase Difference at and X3 introduced by a step of height mht 



m 


Phase 9x2 (mod 2 n) radians 


Phase <px3 (mod 27i) radians 


-2 


2.094 


3.575 


-1 


1.047 


1.787 




0.000 


0.000 


1 


5.235 


4.496 


2 


4.188 


2.709 


3 


3.142 


0.921 


4 


2.094 


5.417 


5 


1.047 


3.630 


6 


0.000 


1.843 


7 


5.235 


0.055 


8 


4.188 


4.551 




3.142 


2.764 


ill 


2.094 


0.977 


■ 


1.047 


5.472 


B 


0.000 


3.685 



From Table 1, it can be seen that p2 is equal to six and that ps is equal to seven (see 
the emboldened and italicised numbers in columns 92 and 93 respectively), and further that 
5 each set of discrete phase steps repeats ad infinitum with increasing ranges of multiples m of 
the step height hj. For example, 92 runs from m=l to m=6, and then repeats from m=7 to 
m=12. Similarly, 93 runs from m=4 to m=10, and then repeats from m=ll to m=17 (not 
shown). 

As p2 and p3 are different, every combination of discrete phase steps for Ji 2 and A* is 
10 available for selection simply by selecting the appropriate multiple m of the step height hi . 

In general terms, it is possible to determine a mathematical expression for the number 
pi of substantially different phase steps for a step height hi at a wavelength h as will now be 
shown. 

If we define hi to be the height of a phase structure which introduces a phase step of 2 it at 
15 wavelength X\ , and similarly hi to be the height of a structure which introduces a phase step 
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of 2n at another wavelength X;. Then, to find the number pi of substantially different phase 
steps for the height hi corresponding to Xj we write the ratio hj/hj as a Continued Fraction CF\ 
In general a continued fraction (CF) is defined by: 



CF -b 0 +- 



■ = b 0 + 






1 1 1 
&!+ b 2 + b 3 + ' 



( 11 ) 



+■ 



*3 + 



b A + . 



5 



10 



This last equation is just another notation for a CF (see for instance Page 19 of the 
“Handbook of mathematical functions”, by M. Abramowitz and I.A. Stegun (Dover 
Publications, New York,1970)). 

When the numbers b k are integer numbers the CF always converges. As a result, we 
can define the truncation of this CF to the m* order to be CF m which can be written as: 






K B m 



where A m and B m are integers determined by 
A^ b m A ra _j + A m _2 

B m = b m B m-l + B m-2 

A_j = 1, Aq — b 0 , B_ j = 0, Bq = 1 



{b 0 ,b lt b 2 ,b m } 



( 12 ) 



For instance, we have 



15 



CF, =b 0 +- 



• = b„ +• 



b i +■ 



J 1 1_ J_ 

b x + b 2 + b 3 + b. 



(13) 



b>, + 



1 



K 



The coefficients b k can be determined as follows. Let 

14 



Then we find 

b 0 =Int[a 0 ] (15) 

20 where Int[] means taking the integer part of ao (for instance Int[3.253]=3). 
If we then define 



and let 
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b v = Int[— ] (17) 

a i 

a 2 = — ~b x (18) 

«i 

We have 

b m ~ Int[— ] (19) 

a m 

« m+ i = — ~K (20) 

5 and the CF m is uniquely defined. To find the number pi we must determine the CFk 1 
corresponding to hi/hi such that for that integer value of k die CFk satisfies the relation 

CFl -^ <,0.005 (21) 

h i 

for the first time. The rational approximation is then 

7 l “CF«=4 l W 

h. t B k 

10 and from this we find that the number pi of substantially different phase steps for the height h, 

corresponding to A* is given by 

Pi =B k (23) 

This can be seen as follows. 

<p K =2n:(m + p,)~ 
h t 

=* 27B?t“ + 2m>. — (25) 

h , V, B k 

® 27&n— + 2nA k 

h i 

15 If we take a step height of mhj with m integer, the phase change introduced at wavelength 
is then given by 

<p A) =2m^- (24) 

If we consider now the height (m+ pO hi, the same phase for A, as with the height mhi is 
expected. This can be shown as follows: 
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Since A* is an integer number, the phase modulo lit introduced by the step heights 
mhi and (m+ p,) hi are substantially equal. 

If we now consider the case where the phase structure 10 is made of diacryl, 
nxi=1.564, n\2=1.559 and nx3=1.594. If we assume that n<j=l, it is possible to calculate using 
5 Equations (2), (3) and (4) the step heights hj, h2 and h 3 to be 1.170 pm, 1.404 pm and 0.682 
pm respectively. 

From Equations (9) and (10) it can also be calculated that the phase difference 
introduced by a step of height hi in a beam of wavelength Xz and X3 is equal to 2 tc( 0.833) 
radians for X 2 , and 2it(1.716) radians for X 3 . Expanding the ratio’s hi/h2=0.833 and 
10 hi/h3= 1.716 in a continued fraction as explained above (see table III and IV) we find that 
0.8333-5/6 and 1.716-12/7, hence we have p2=6 and p3=7. 



Table II: hi/h2=0.833 



k 


CF k 5 


Ak/Bk 


| CFk 2 - 0.833| 


B k 


1 


{0,1} 


1/1 


0.167 


1 


2 


{0,1,4} 


4/5 


0.033 


5 


3 


{0,1,4,!} 


5/6 


0.000 


6 



15 Table m:hi/h 3 =1.716 



k 


CF k 3 


Ak/Bt 


| CF/- 1.716| 


B k 


1 


{1,1} 


2/1 


0.284 


1 


2 


{1,1,2} 


5/3 


0.049 


3 


3 


{1, 1,2,1} 


7/4 


0.034 


4 


4 


{1.1A1.1} 


12/7 


0.002 


7 



In conclusion, it is possible to express the number pi of substantially different phase 
steps for the height hj corresponding to Xi as follows. Write the ratio hi/h, as a Continued 
Fraction CF 1 according to Equation (11); truncate the fraction as soon as the condition set out 
20 in Equation (21) is met; determine the values Aj- and Bt and the number of substantially 
different phase steps for the height hi corresponding to Xi is then given by pi = Bk. 
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The objective lens 10 in Figure 2, in this example, is a plano-aspherical element. The 
objective lens 10 has thickness on the optical axis of 2.401 mm and entrance pupil diameter 
of 3.3 mm. The lens body of the objective lens is made of LAFN28 Schott glass with 
refractive index n=1.7682 at wavelength Xi=660 nm, n=1.7625 at A.2=785 nm and n= 1.7998 
5 at Xs=405 nm. The convex surface of the lens body which is directed towards the collimator 
lens has radius 2.28 mm. The surface of the objective lens facing the record carrier is flat. 
The aspherical shape is realized in a thin layer of acryl on top of the glass body. The lacquer 
has refractive index n=1.5640 at 660 nm, n=1.5588 at 785 nm and n=1.5945 at 405 nm. The 
thickness of this layer on the optical axis is 17 microns. The rotational symmetric aspherical 
10 shape is given by the equation 

z(r) = 

M 

with z the position of the surface in the direction of the optical axis in millime ters, and r the 
distance to the optical axis in millimeters, and Bj^ the coefficient of the k-th power of r. The 

value of the coefficients B 2 until Bi 0 are 0.239104, 0.0050896354, 8.9127376 10' 5 , - 
15 8.7208131 10' 5 , -1.8258426 10^, respectively. The flee working distance hence the distance 

between the objective lens 10 and the disk is 1.049 mm for DVD at Ai=660 nm with cover 
layer thickness of the disk is 0.6 mm, 0.6952 mm for CD at ^2=785 nm with cover layer 
thickness of the disk is 1.2 mm and 0.9710 mm for DVD at ^3=405 nm with cover layer 
thickness of the disk is 0.6 mm. The cover layer thickness of the disk is made of 
20 polycarbonate with refractive index n=1.5798 at wavelength Ai=660 nm, n=1.5731 at 
wavelength ^2=785 nm and n=1.6188 at wavelength X 3 =405 nm. The objective is designed in 
such a way that when reading a DVD at 660 nm and DVD disk at 405 nm no 
spherochromatism is introduced. Hence the objective is already suited for DVD red and blue 
readout. In order to make the lens suitable for CD readout the spherical aberration arising due 
25 to the disk thickness difference and the spherochromatism has to be compensated. Using the 
method described by Messrs Katayama, Komatsu and Yamanaka described in their Applied 
Optics article entitled: “Dual-Wavelength optical head with a wavelength selective filter for 
0.6 and 1.2mm thick substrate optical disks” (see Applied Optics, Volume 38, No. 17 dated 
10 June 1999, page 3778) and similar by Messrs Hendriks, de Vries and Urbach described in 
30 the proceedings of the Optical Design and Fabrication conference held in Tokyo 2000 on 
page 325-328 entitled “Application of non-periodic phase structures in optical systems”, it is 
possible to compensate for spherical aberrations and spherochromatism in a Red-DVD / CD 
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system by providing a three phase step structure which introduces a relative phase in the CD 
case (i.e. when the optical medium is scanned with light at a wavelength of approximately 
785nm) of 0.00 radians, 1.047 radians and 2.094 radians; and a relative phase in the Red- 
DVD case of approximately 2% radians and integer multiples thereof (see tables 1 and 4). 

5 From table 1 it is apparent that appropriate phase differences for correcting 

aberrations and other defects at the CD wavelength \ 2 may be provided by constructing a 
phase structure with steps of Ohi, 5hi and 4hi or Ohi, -lhi and - 2 hi, for example. 

However, if it is also desired to scan Blue-DVDs as well as CDs then the step heights 
chosen for scanning at the CD wavelength X 2 must not introduce any appreciable phase 
10 gradient when the objective is illuminated with light of the Blue-DVD wavelength X 3 . 

If we again refer to Table 1, it is apparent that by picking step heights of 12 hj, 5hi and 
-2hi (for example) we will introduce the desired phase difference of 0.00, 1.047 and 2.094 
radians at the CD wavelength X 2 and, in addition, an approximately equal phase difference of 
roughly 3.6 radians at the Blue-DVD wavelength X 3 . 

15 As there is no appreciable phase gradient at the Blue-DVD wavelength, the roughly 

constant phase change caused by the phase structure has no effect upon scanning of Blue- 
DVDs. 

hi other words, by constructing a phase structure with step heights of 12hi, 5hi and - 
2hi it is possible to provide an objective lens that enables scanning of CDs, Red-DVDs and 
20 Blue-DVDs. 

At this juncture it is worth mentioning how one might go about constructing a step 
with a negative height. If one wished to construct a step of -2hi, for example, one could add 
a layer of material of depth 2 hj to the entire surface of the lens (which gives rise to a constant 
wavefront offset having no influence on spot formation) and then remove the layer in those 
25 areas where it is desired to form the step. 

Table 4 illustrates the measurements for a phase structure such as that described 
above with which it is possible to scan CDs, Red-DVDs and Blue-DVDs. Figure 4 provides 
an exaggerated schematic cross-sectional view along the line A — A of Figure 3, and shows a 
phase structure with a step height distribution such as that set out in Table 4. 
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Table 4: Step Height Distribution 



(where: r is the radial pupil co-ordinate, and 

hjisthe height, in microns, of the phase structure in zonej) 



j 


^begirt 

zone j 


r end 

zone j 


mj 


hj [pm] 


phased) 
(mod 2n) 


phase Blue-DVD 
(mod 2ri) 


~r 


0.00 


0.40 


12 


14.040 


0.000 


3.685 s 3.6 


~T~ 


0.40 


0.59 


5 


5.850 


1.047 


3.630 s 3.6 




0.59 


1.10 


-2 


ggg| 


2.094 


3.575 s 3.6 


T~ 


1.10 


1.20 


5 


J 


1.047 


3.630 s 3.6 


T~ 


1.20 


1.65 


12 


14.040 


0.000 


3.685 = 3.6 



Using such a structure it has been found that die rms wavefront aberration (which is 
the average optical path difference of the wavefront over the entire entrance pupil of the lens 
5 - or in other words, a measure of the aberration introduced by the lens) introduced at A3 is in 

the region of 17mA,, and at A2 is in the region of 43mA. 

When the rms wavefront aberration (measured in waves A) is below 0.07A the optical 
system is described as being “diffraction limited”, which means that the aberrations 
introduced by imperfections in the lens are smaller than the width of the spot due to 
10 diffraction effects. For correct scanning, the total rms wavefront aberration of the whole 
optical system should be less than 0.07A. Since the mas wavefront aberrations at A2 and A3 are 
less than 0.07A (and since no appreciable aberration is introduced at the design wavelength 
At), the system described above is suitable for scanning CDs, Red-DVDs and Blue-DVDs. 

Although here only the case where at the third wavelength a flat wavefront is 
15 produced by the phase structure is considered, extending this to the case where at the third 
wavelength spherical aberration is produced can be done as follows. For the third wavelength 
there are p3 substantially different phase steps (see for instance table 1, column 3). To 
compensate with these phase steps an amount of spherical aberration (which could be 
introduced when at the third wavelength the cover layer thickness of the disc is different form 
20 that of the first wavelength or when there is an amount of spherochromatism present) in the 
third configuration proceed in the same way as explained before to achieve spherical 
aberration correction for the CD configuration while introducing a flat wavefront for the Red- 
DVD and Blue-DVD case. Now the structure is designed to generate spherical aberration for 
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the Blue-DVD case, while it introduces a flat wavefront for the Red-DVD and the CD case. 
In this way we end up with two phase structure designs, one introducing the desired amount 
of spherical aberration for the second wavelength while having no effect for wavelength one 
and three; the other one introducing the desired amount of spherical aberration for the third 
5 wavelength while having no effect for wavelength one and two. The final step in the design is 
simply adding both structures on top of each other. The resulting phase structure will in 
general be more complex because the width of the plurality of phase elements of each of the 
two separate structures may be different 

Whilst this embodiment relates generally to the case where one wishes to read data 
10 from three different types of optical media with three associated wavelengths of light it will 
be appreciated by persons skilled in the art that the teachings of this invention may be applied 
to systems where it is desired to read (or write) data at a greater number of wavelengths. 

For example, if it were desired to additionally scan media using light of a fourth 
wavelength X4 (for example for an additional type of optical media), then table 1 would be 
15 expanded to include a fourth column of phase change qu which would comprise multiples of 
the ratio hi/h*. Since X4 would be different to A,j, X 2 or X3, the number of discrete phase steps 
p4 would also be different to P 2 or P3. As a result, it would then be possible to select every 
combination of phase change q> 2 , <(>3 and <p4 simply by selecting appropriate values of m. In 
this way it would then be possible to provide a phase structure which enabled data read-out, 
20 for example, from four different optical media at four different wavelengths. 

It can be seen therefore that the teachings of this invention may be applied to provide 
a device for scanning a plurality of different types of optical media, for example with 
associated different wavelengths of light 

From the above it will be understood that the scope of this invention extends to phase 
25 structures which approximate: 

(a) a spherical aberration wavefront at the first wavelength %i t a flat wavefront at the 
second wavelength X2, and a flat wavefront at the third wavelength X3; or 

(b) a spherical aberration wavefront at the first wavelength a flat wavefront at the 
second wavelength X2, and a spherical aberration wavefront at the third wavelength X.3. 

30 This results from the fact that there are two effects giving rise to spherical aberration; 

(i) a change in refractive index resulting from a change in wavelength (called 
spherochromatism), and (ii) a change in cover layer thickness (for example, DVDs have a 
cover layer that is approximately 0.6ram thick whereas CDs have a cover layer of that is 
approximately 1.2mm thick). 
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Effect (i) is typically small in comparison with effect (ii) and as a consequence when 
the wavelength varies and the cover layer thickness does not vary, it is possible to 
compensate for spherochromatism in the lens design of the objective system (as is described 
herein with respect to a DVDBlue, DVDRed and CD system). 

5 In circumstances when the cover layer thicknesses are all different or the 

spherochromatism cannot be compensated for, the phase structure (b) can still provide a 
system which is capable of reading optical data carriers with three different wavelengths. 

Whilst particular preferred embodiments of the invention have been described herein, 
it will be understood that modifications may be made within the scope of the invention as 
10 defined in the appended claims. 

For example, whilst in the embodiment described above the phase structure 11 is 
provided on the lens 10 it will be appreciated that the phase structure could instead be 
provided on an optical element separate from the objective lens, for example on a quarter 
wavelength plate or a beam splitter. 

15 In addition, it will also be understood that, where the term "approximate" or 

"approximation” is used herein, that it is intended to cover a range of possible 
approximations, the definition including approximations which are in any case sufficient to 
provide a working embodiment of an optical scanning device serving the purpose of scanning 
different types of optical record carriers. 
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1. An optical scanning device for scanning of a first, second and third type of optical 
record carrier with radiation of a first wavelength Ai, a second wavelength A 2 and a third 
wavelength fa, respectively, the three wavelengths being substantially different, the device 
comprising: 

5 a radiation source for emitting a beam of said radiation, 

an objective system for converging the beam on a selected one of the optical record carriers, 
and 

a phase structure arranged in the path of the beam, the phase structure comprising a 
plurality of phase elements of different heights, forming a non-periodic stepped profile of 

10 optical paths in the beam, 

characterised in that the stepped profile substantially approximates a flat wavefront at 
the first wavelength At, a spherical aberration wavefront at the second wavelength Ag, and a 
flat or spherical aberration wavefront at the third wavelength A3. 

15 2. The scanning device according to Claim 1, wherein |Ai-A2i, IA2-A3I and IA1-A3] are each 

larger than 20 nm. 

3. The scanning device according to Claim 2, wherein IA1-A2I, IA2-A3I and IA1-A3] are each 
larger than 50 nm. 

20 

4. The scanning device according to Claim 1, wherein the differences in length between 
the optical paths at the first wavelength Aj correspond to phase changes in the beam 
substantially equal to multiples of 2ji. 

25 5. The scanning device according to Claim 3, wherein an attainable number of 

substantially different phases for different heights of a phase element at the wavelength A2 is 
different from an attainable number of substantially different phase steps for different heights 
of a phase element at the wavelength A3. 
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6. The scanning device according to Claim 4, wherein the attainable number Bk of 
substantially different phase steps at wavelength h for i equal to 2 and 3 is determined by an 
inequality 

— £0.005 
B k h t 

5 where the integer k is the smallest positive integer that complies with the inequality and with 
-^={b 0 , 6 t }where {bo, bi, ... , bk} is a continued fraction truncated at the k* term, and 

B k 

hi, h; are the heights of a phase element that introduces a 2n phase change in the optical path 
at the wavelengths Ai and A* respectively. 

10 7. The scanning device according to Claim 1, wherein said phase structure exhibits a 

difference between a lowest phase step ^ and a highest phase step ^max at Ai which 
complies with: 

where Bjj is the lowest attainable number of substantially different phase steps at one of the 
15 wavelength Aj for i equal to 2 and 3. 

8. The scanning device according to claim 1, wherein the phase structure is generally 
circular and the steps of said stepped profile are generally annular. 

20 9. The scanning device according to claim 1, wherein said phase structure is formed on a 

face of a lens of the objective system. 

10. The scanning device according to claim 1, wherein said phase structure is formed on 
an optical plate provided between the radiation source and the objective system. 

25 

11. The scanning device according to Claim 10, wherein said optical plate comprises a 
quarter wavelength plate or a beam splitter. 



12. A lens for use in an optical device for scanning a first, second and third type of optical 

30 record carrier with a beam of radiation of a first wavelength Ai, a second wavelength A# and a 
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third wavelength respectively, the three wavelengths being substantially different, the lens 
comprising: 

a phase structure arranged in the path of the beam, the phase structure comprising a plurality 
of phase elements of different heights, forming a non-periodic stepped profile of optical paths 
5 in the beam, 

characterised in that the stepped profile substantially approximates a flat wavefront at the 
first wavelength 1], a spherical aberration wavefront at the second wavelength and a fiat or 
spherical aberration wavefront at the third wavelength X 3 . 
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